The theory and phenomenology of light sterile neutrinos at the eV mass scale is reviewed. The reactor, Gallium and LSND anomalies are briefly described and interpreted as indications of the existence of short-baseline oscillations which require the existence of light sterile neutrinos. The global fits of short-baseline oscillation data in 3+1 and 3+2 schemes are discussed, together with the implications for β-decay and neutrinoless double-β decay. The cosmological effects of light sterile neutrinos are briefly reviewed and the implications of existing cosmological data are discussed. The review concludes with a summary of future perspectives.
Introduction
The possible existence of sterile neutrinos [1] , which do not have the standard weak interactions of the three active neutrinos ν e , ν µ , and ν τ , is currently a hot topic of theoretical and experimental research which could provide valuable information on the physics beyond the Standard Model (see Refs. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ).
Sterile neutrinos are singlets of the Standard Model gauge symmetries which can couple to the active neutrinos through the Lagrangian mass term. In practice there are bounds on the active-sterile mixing, but there is no bound on the number of sterile neutrinos and on their mass scales. Therefore the existence of sterile neutrinos is investigated at different mass scales. This review is devoted to the discussion of sterile neutrinos at the eV scale, which can explain the anomalies found in some shortbaseline neutrino oscillation experiments (discussed in details in Section 3). However, it is important to remind that there are other very interesting possibilities which are under study: very light sterile neutrinos at a mass scale smaller than 0.1 eV, which could affect the oscillations of solar [21] [22] [23] and reactor [24] [25] [26] [27] [28] neutrinos; sterile neutrinos at the keV scale, which could constitute warm dark matter according to the Neutrino Minimal Standard Model (νMSM) [29] [30] [31] [32] [33] (see also the reviews in Refs. [8, 9, 18, 19] ); sterile neutrinos at the electroweak scale [34, 35] or above it [35, 36] , whose effects may be seen at LHC and other high-energy colliders. Let us also note that there are several interesting models with sterile neutrinos at different mass scales [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] .
The plan of this review is as follows. In Section 2 we introduce the main theoretical aspects of neutrino mixing and oscillations in the extensions of standard three-neutrino (3ν) mixing with light sterile neutrinos. In Section 3 we summarize the three experimental indications in favor of short-baseline neutrino oscillations which require the existence of sterile neutrinos: the reactor, Gallium and LSND anomalies. In Section 4 we discuss the global fits of short-baseline neutrino oscillation data in the framework of the simplest mixing schemes with one or two sterile neutrinos at the eV scale. In Sections 5 and 6 we review the effects of eV-scale massive neutrinos in β decay and neutrinoless double-β decay and in cosmology. Finally, in Section 7 we present our conclusions and our view of the perspectives of the search for eV-scale sterile neutrinos.
Neutrino mixing and short-baseline oscillations
The Standard Model of electroweak interactions [53] [54] [55] based on the SU(2) L × U(1) Y gauge symmetry is a superb theory which can explain the majority of terrestrial experimental observations. However, it does not account for neutrino masses, whose existence have been proved without doubt by the measurement of neutrino oscillations in solar, atmospheric and long-baseline neutrino oscillation experiments (see Refs. [17, [56] [57] [58] [59] [60] ). The simplest way to extend the Standard Model in order to take into account neutrino masses is through the introduction of SU(2) L × U(1) Y singlet fields which are traditionally called "right-handed neutrino" fields or "sterile neutrino" fields. The adjective "right-handed" indicates that they do not belong to SU(2) L left-handed multiplets. Therefore, they are "sterile", because they do not have Standard Model weak interactions. Moreover, assuming that they have zero hypercharge 2 , they are neutral and can be called "neutrino" fields. Many models which extend the Standard Model include these right-handed sterile neutrino fields (see Refs. [3, 8, 12, 18, 63, 64] ). In the following we consider the general theory of neutrino mixing in which we have the three standard active left-handed flavor neutrino fields ν eL , ν µL , ν τ L and N s sterile right-handed flavor neutrino fields ν s 1 R , . . . , ν NsR . The most general Lagrangian mass term which can be written with these fields is (the superscript "(F)" indicates the flavor basis)
where (the superscripts "(a)" and "(s)" indicate, respectively, the column matrices of active and sterile neutrino fields)
and C is the unitary charge-conjugation matrix 3 , such that C γ T µ C −1 = −γ µ and C T = −C. For any field ψ the charge-conjugated field ψ c is given by ψ c = Cψ T and charge conjugation transforms the chirality of a field (e.g. ψ c R is left-handed). In general, M is a complex symmetric mass matrix, which can be diagonalized with the unitary transformation (the superscript "(M)" indicates the mass basis)
where N = 3 + N s is the total number of neutrino fields. The matrix U is a N × N unitary matrix such that
with real and positive masses m 1 , . . . , m N (see Refs. [56, 65] ). The Lagrangian mass term ( The physical effects of the unitary transformation (3) are due to the non-invariance of the weak interaction Lagrangian. Let us first consider the leptonic charged-current weak interaction Lagrangian. In the flavor basis where the mass matrix of the charged leptons e ≡ e, µ ≡ µ, τ ≡ τ , is diagonal, we have
k=1 α=e,µ,τ αL γ ρ U αk ν kL W † ρ + H.c.. (6) It is convenient to write L CC in the following matrix form 
The mixing matrix U is a 3 × N rectangular matrix formed by the first three rows of U. Therefore, the number of physical mixing parameters is smaller than the number necessary to parameterize the unitary matrix U. This is due to the arbitrariness of the mixing in the sterile sector, which does not affect weak interactions. A careful analysis (see Ref. [56] ) shows that the 3 × N mixing matrix U can be parameterized in terms of 3 + 3N s mixing angles and 3 + 3N s physical phases, of which 1 + 2N s are Dirac phases and N − 1 are Majorana phases. For such parameterization, it is convenient to use the scheme
The unitary N × N matrix W ab = W ab (θ ab , η ab ) represents a complex rotation in the a-b plane by a mixing angle θ ab and a Dirac phase η ab . Its components are W ab (ϑ ab , η ab ) rs = δ rs +(c ab − 1) (δ ra δ sa + δ rb δ sb )+s ab e iη ab δ ra δ sb − e −iη ab δ rb δ sa , (10) where c ab ≡ cos ϑ ab and s ab ≡ sin ϑ ab . The order of the product of W ab matrices in Eq. (9) is arbitrary. The orthogonal matrix R ab = W ab (θ ab , 0) represents a real rotation in the a-b plane. The square brackets with subscript 3 × N indicate that the enclosed N × N matrix is truncated to the first three rows. The Majorana phases λ 21 , . . . λ N 1 , which are physical only if massive neutrinos are Majorana particles, are collected in a diagonal matrix on the right 5 . Moreover, not all the phases η ab in the product of W ab matrices in Eq. (9) are physical, but one can eliminate an unphysical phase for each value of the index b = 4, . . . , N (see Ref. [56] ). The scheme (9) has the advantage that in the limit of vanishing active-sterile mixing the mixing matrix reduces to the three-neutrino (3ν) mixing matrix in the standard parameterization It is possible to choose any other diagonal matrix with N − 1 phases, as for example diag e iλ12 , 1, e iλ32 , . . . , e iλ N 2 , etc.
It is convenient to choose in Eq. (9) the order of the real or complex rotations for each index b ≥ 4 such that the rotations in the 3-b, 2-b and 1-b planes are ordered from left to right. In this way, the first two lines, which are relevant for the study of the oscillations of the experimentally more accessible flavor neutrinos ν e and ν µ , are independent of the mixing angles and Dirac phases corresponding to the rotations in all the 3-b planes for b ≥ 4. Moreover, the first line, which is relevant for the study of ν e disappearance, is independent also of the mixing angles and Dirac phases corresponding to the rotations in the 2-b planes for b ≥ 3. For example, one can choose
or
Let us now consider the neutrino neutral-current Lagrangian
Since the rectangular 3 × N mixing matrix U is formed by the first three rows of the unitary matrix U, we have
Therefore, the GIM mechanism [66] does not work in neutral-current weak interactions [67] and it is possible to have neutral-current transitions among different massive neutrinos 6 . The introduction of sterile neutrinos is allowed by the fact that it has no effect or small effects 7 on the effective number of active neutrinos which contributes to the decay of the Z-boson. This number has been determined with high precision to be close to three by the LEP experiments [72] :
In this review we will consider sterile neutrinos at the eV scale, for which N (Z) ν is given by [70, 71] 
Hence, there is no constraint on the number and mixing of these light sterile neutrinos from the high-precision LEP measurement of N
6 This is a special case of the general theorem that the weak leptonic neutral current is nondiagonal in the mass basis if the leptons of a given charge and chirality have different weak isospins [68] . 7 Sterile neutrinos at mass scales larger than the muon mass affect the determination of the Fermi constant G F through muon decay [69] . Those at mass scales larger than m Z /2 can induce a kinematical suppression of N Table 1 .
Values of the neutrino mixing parameters obtained in Ref. [73] with a global analysis of neutrino oscillation data in the framework of three-neutrino mixing with the normal ordering (NO) and the inverted ordering (IO).
The measurements of neutrino oscillations in solar, reactor and accelerator experiments determined the existence of two squared-mass differences: the solar and atmospheric squared-mass differences
It is convenient to label the three light neutrino masses according to the convention
with ∆m 2 jk = m 2 j − m 2 k . The absolute value in the definition of ∆m 2 ATM is necessary, because there are two possible orderings of the neutrino masses: the normal ordering (NO) with m 1 < m 2 < m 3 and ∆m 2 31 , ∆m 2 32 > 0; the inverted ordering (IO) with m 3 < m 1 < m 2 and ∆m 2 31 , ∆m 2 32 < 0. Table 1 shows the results of the determination of the 3ν mixing parameters obtained in Ref. [73] from a global fit of neutrino oscillation data (see also Refs. [74, 75] ). The largest uncertainty is that of ϑ 23 , which is known to be close to maximal (π/4), but it is not known if it is smaller or larger than π/4. For the Dirac CP-violating phase η 13 , there is an indication in favor of η 13 ≈ 3π/2, which would give maximal CP violation, but at 3σ all the values of η 13 are allowed, including the CP-conserving values η 13 = 0, π.
The standard framework of 3ν mixing can be extended with the introduction of nonstandard massive neutrinos only if their mixing with the active neutrinos is sufficiently small in order not to spoil the successful 3ν mixing explanation of solar, atmospheric and long-baseline neutrino oscillation measurements discussed above. In other words, the non-standard massive neutrinos must be mostly sterile, i.e. 
In the following we will always assume this constraint.
In this review we consider mainly the so-called 3+1 scheme in which there is a non-standard massive neutrino (mostly sterile) at the eV scale which generates a new squared-mass difference
in order to explain the anomalies found in some short-baseline (SBL) neutrino oscillation experiments (see Section 3). We assume that the three standard massive neutrinos are much lighter than the eV scale. We will consider also the so-called 3+2 scheme in which there are two non-standard massive neutrinos (mostly sterile) at the eV scale and the 3+1+1 scheme in which there is a non-standard massive neutrino at the eV scale and another at a larger scale. We do not consider schemes in which ∆m 2 SBL is obtained with one or more very light (or massless) non-standard massive neutrinos and the three standard massive neutrinos have almost degenerate masses at the eV scale (e.g., the 1+3, 1+3+1 and 2+3 schemes), because this possibility is strongly disfavored by cosmological measurements [76] and by the experimental bound on neutrinoless double-β decay (assuming that massive neutrinos are Majorana particles; see Ref. [77] ). Figure 1 shows a schematic illustration of the 3+1, 3+2 and 3+1+1 neutrino mixing schemes taking into account for each scheme the two possible mass orderings of the three lightest standard neutrinos. Let us emphasize that these mixing schemes must be considered as effective, in the sense that the existence of more non-standard massive neutrinos is allowed, as long as their mixing with the three active neutrinos is sufficiently small to be negligible in the analysis of the data of current experiments.
For the study of neutrino oscillations in vacuum it is convenient to use the following general expression of the probability of [78, 79] :
where
and p is an arbitrary fixed index, which can be chosen in the most convenient way depending on the case under consideration. In the case of three-neutrino mixing, there is only one interference term in Eq. (22) , because for any choice of p there is only one possibility for j and k such that j > k.
We are interested in the effective oscillation probabilities in short-baseline experiments, for which ∆ 21 ∆ 31 1. Let us consider the general 3+N s case in Figure 1 . Schematic illustration of the 3+1, 3+2 and 3+1+1 neutrino mixing schemes taking into account for each scheme the two possible mass ordering, normal (NO) and inverted (IO), of the three lightest standard neutrinos. In the two 3+2 schemes ∆m 2 54 ≈ ∆m 2 SBL , whereas in the two 3+1+1 schemes ∆m 2 54 ∆m 2 SBL .
which ∆m 2 k1 ≈ ∆m 2 SBL and ∆ k1 ≈ 1 for k ≥ 4. Choosing p = 1 in Eq. (23), we obtain
Considering the survival probabilities of active neutrinos, let us define the effective amplitudes
where we have taken into account the constraint in Eq. (20) . Dropping the quadratically suppressed terms also in the survival probabilities, we obtain
Hence, each effective mixing angle ϑ 
which allow us to write the transition probabilities as
From the first line one can see that each effective mixing angle ϑ Considering now the transitions between two different active neutrinos, from Eqs. (25) and (27) one can see that for each value of k ≥ 4 the transition amplitude sin 2ϑ 
This relation is very important, because it constrains the oscillation signals that can be observed in short-baseline appearance and disappearance experiments in any 3+N s mixing scheme with sterile neutrinos. Its experimental test is crucial for the acceptance or rejection of these schemes. In particular, since both sin 2 2ϑ (k) αα and sin 2 2ϑ
ββ are small for α, β = e, µ, τ the amplitudes of the short-baseline transition probabilities between active neutrinos are quadratically suppressed. We will see in Section 4 that the current short-baseline data have an appearance-disappearance tension due to the constraint in Eq. (29) .
In the following part of this Section we discuss briefly the main peculiar characteristics of short-baseline oscillations in the cases of 3+1, 3+2 and 3+1+1 neutrino mixing. 3+1 mixing. In the case of 3+1 neutrino mixing [5, 80, 81, 83] , we have ∆m 2 41 = ∆m 2 SBL and ∆ 41 ∼ 1 in short-baseline experiments. The transition and survival probabilities can be written as
with the transition and survival amplitudes
and with the appearance-disappearance constraint [80, 81] 
The transition and survival probabilities in Eq. (30) depend only on the largest squared-mass difference ∆m 2 41 = ∆m 2 SBL and on the absolute values of the elements in the fourth column of the mixing matrix. The transition probabilities of neutrinos and antineutrinos are equal, because the absolute values of the elements in the fourth column of the mixing matrix do not depend on the CP-violating phases in the mixing matrix. Hence, even if there are CP-violating phases in the mixing matrix, CP violation cannot be measured in short-baseline experiments. In order to measure the effects of these phases it is necessary to perform experiments sensitive to the oscillations generated by the smaller squared-mass differences ∆m 2 ATM [84] [85] [86] or ∆m 2 SOL [87] . 3+2 mixing. In the case of 3+2 neutrino mixing [88] [89] [90] [91] [92] , we have ∆m 2 51 ≈ ∆m 2 41 = ∆m 2 SBL and ∆ 51 ≈ ∆ 41 ∼ 1 in short-baseline experiments. From Eq. (26) we obtain the short-baseline survival probabilities of active neutrinos
and from Eq. (28) we obtain the short-baseline transition probabilities
αβ sin 2ϑ (5) αβ sin ∆ 41 sin ∆ 51 cos(∆ 54
The appearance and disappearance amplitudes are related by the general constraint in Eq. (29) . The 3+2 scheme has the important characteristic that CP violation is observable in short-baseline experiments through the asymmetries
αβ sin 2ϑ (5) αβ sin ∆ 41 sin ∆ 51 sin ∆ 54 sin η αβ54 , (35) for α = β. 3+1+1 mixing. In the case of 3+1+1 mixing [93] [94] [95] [96] , we have ∆m 2 51 ∆m 2 41 = ∆m 2 SBL and ∆ 51 ∆ 41 ∼ 1 in short-baseline experiments. The corresponding oscillation probabilities can be obtained from those in the case of 3+2 mixing by averaging the oscillations due to ∆m 2 51 :
and
αβ sin 2ϑ (5) αβ sin ∆ 41 sin(∆ 41
Hence, in the analysis of short-baseline data in the 3+1+1 scheme there is one effective parameter less than in the 3+2 scheme (∆m 2 51 ), but CP violation effects generated by the phases η αβ54 are observable. 
Short-baseline anomalies and constraints
In this Section we review the three experimental indications in favor of short-baseline neutrino oscillations, which require the existence of at least one additional squaredmass difference, ∆m 2 SBL , which is much larger than ∆m 2 SOL and ∆m 2 ATM : the reactor antineutrino anomaly in Subsection 3.1, the Gallium neutrino anomaly in Subsection 3.2, and the LSND anomaly in Subsection 3.3.
The reactor antineutrino anomaly
The reactor antineutrino anomaly [97] , is a deficit of the rate ofν e observed in several short-baseline reactor neutrino experiments in comparison with that expected from the calculation of the reactor neutrino fluxes [12, 98, 99] . It has been analyzed by several authors [12, 27, 97, [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] .
The statistical significance of the anomaly depends on the estimated uncertainties of the calculated reactor antineutrino fluxes, on which there have been some debate [112] [113] [114] [115] [116] [117] [118] [119] , especially after the discovery of an excess at about 5 MeV of the reactor antineutrino spectrum in the RENO [120] , Double Chooz [121] and Daya Bay [122] [123] [124] experiments. However, since this problem is controversial and far from being solved, in the following we assume the values and uncertainties of the reactor antineutrino fluxes presented in Refs. [12, 98, 99] , which have been obtained from the available database information on nuclear decays and from the electron spectra associated with the fission 51 Cr 37 Ar E [keV] 747 752 427 432 811 813 branching ratio 0.8163 0.0849 0.0895 0.0093 0.902 0.098 Table 2 .
Energy (E) and branching ratio of the neutrino lines produced in the electron-capture decays of 51 Cr and 37 Ar. of 235 U, 239 Pu, and 241 Pu measured at ILL in the 80's [125] [126] [127] [128] . The electron spectra associated with the fission of 235 U and 238 U has been measured recently at the scientific neutron source FRM II in Garching [129] . In this experiment the 235 U electron spectrum has been normalized to that measured at ILL [126, 128] in order to reduce the systematic uncertainties. The 238 U antineutrino spectrum obtained from the conversion has only a spectral distortion of about 10% with respect to the standard 238 U antineutrino spectrum [12, 98, 99] .
In reactor neutrino experiments electron antineutrinos are detected through the inverse neutron decay processν
in liquid-scintillator detectors. The cross section of the detection process is σν ep (E e ) ∝ E e p e (see Refs. [56, 130, 131] ), where E e and p e are, respectively, the positron energy and momentum. Neglecting the small recoil energy of the neutron, the neutrino energy E can be calculated from the measurable kinetic energy T e of the positron through the relation
where m p and m n are, respectively, the proton and neutron masses. Hence, the neutrino energy threshold for the detection process is about 1.8 MeV. Figure 2 shows the ratios R of the measured (N exp ) and calculated (N cal ) number of electron antineutrino events in the reactor experiments Bugey-4 [132] , ROVNO91 [133] , Bugey-3 [134] , Gosgen [135] , ILL [136] , Krasnoyarsk [137] , Rovno88 [138] , SRP [139] , Chooz [140] , Palo Verde [141] , Double Chooz [142] , and Daya Bay [122] [123] [124] at different distances L. As shown in the figure, the average ratio is R = 0.933 ± 0.021, which indicates a deficit with a nominal 9 statistical significance of about 3.1σ.
The reactor antineutrino anomaly can be explained by neutrino oscillations with an oscillation length which is shorter than about 20 m. Since the relation between a squared-mass difference ∆m 2 and the corresponding oscillation length L osc is
and the average energy of the antineutrinos detected in a reactor experiment is about 4 71 Ge MeV, the required squared-mass differences is
The Gallium neutrino anomaly
The Gallium neutrino anomaly [106, [143] [144] [145] [146] [147] [148] , is a short-baseline disappearance of ν e measured in the Gallium radioactive source experiments GALLEX [149] [150] [151] and SAGE [143, [152] [153] [154] .
In these radioactive source experiments the detectors of the GALLEX and SAGE solar neutrino experiments have been tested with intense artificial 51 Cr and 37 Ar radioactive sources which produce electron neutrinos through the electron captures
The neutrino energies and branching ratios are given in Tab. 2. In each experiment the radioactive source was placed near the center of the detector and electron neutrinos have been detected with the reaction
Figure 3(a) shows the transitions from the ground state of 71 Ga to the ground state or one of two excited states of 71 Ge which are energetically allowed in the detection process. The total detection cross section is given by
Reference Method BGT 175 BGT 500 Krofcheck et al. [157, 158] 71 Ga(p, n) 71 Ge < 0.005 0.011 ± 0.002 Frekers et al. [159] 71 Ga( 3 He, 3 H) 71 Ge 0.0034 ± 0.0026 0.0176 ± 0.0014 Table 3 . Values of the Gamow-Teller strengths of the transitions from the ground state of 71 Ga to the two excited states of 71 Ge at 175 keV and 500 keV.
where σ gs is the cross sections of the transitions from the ground state of 71 Ga to the ground state of 71 Ge, BGT gs is the corresponding Gamow-Teller strength, and BGT 175 and BGT 500 are the Gamow-Teller strengths of the transitions from the ground state of 71 Ga to the two excited states of 71 Ge at about 175 keV and 500 keV (see Fig. 3(a) ). The coefficients of BGT 175 /BGT gs and BGT 500 /BGT gs are determined by phase space: ξ 175 ( 51 Cr) = 0.669, ξ 500 ( 51 Cr) = 0.220, ξ 175 ( 37 Ar) = 0.695, ξ 500 ( 37 Ar) = 0.263 [155] .
The cross sections of the transitions from the ground state of 71 Ga to the ground state of 71 Ge have been calculated accurately by Bahcall [155] :
and [106, 156] BGT gs = 0.0871 ± 0.0004.
The Gamow-Teller strengths BGT 175 and BGT 500 have been measured in 1985 in the (p, n) experiment of Krofcheck et al. [157, 158] (see Table I of Ref. [155] ) and, more precisely, in 2011 in the ( 3 He, 3 H) experiment of Frekers et al. [159] . The results are listed in Tab. 3. Since the average neutrino traveling distances in the GALLEX and SAGE radioactive source experiments are L GALLEX = 1.9 m and L SAGE = 0.6 m, from Eq. (40) and Tab. 2 one can estimate that the Gallium neutrino anomaly can be explained by neutrino oscillations generated by a squared-mass difference
The LSND anomaly
The LSND experiment [160, 161] observed an excess ofν e events in a beam ofν µ produced by µ + decay at rest, Table 4 . Results of the fit of short-baseline data taking into account all MiniBooNE data (GLO), only the MiniBooNE data above 475 MeV (PrGLO), without MiniBooNE data (noMB) and without LSND data (noLSND) in the 3+1 and 3+2 schemes. The first three lines give the minimum χ 2 (χ 2 min ), the number of degrees of freedom (NDF) and the goodness-of-fit (GoF). The following five lines give the quantities relevant for the appearance-disappearance (APP-DIS) parameter goodness-of-fit (PG) [164] . The last three lines give the difference between the χ 2 without short-baseline oscillations and χ 2 min (∆χ 2 NO ), the corresponding difference of number of degrees of freedom (NDF NO ) and the resulting number of σ's (nσ NO ) for which the absence of oscillations is disfavored.
The energy spectrum ofν µ is φν µ (E) ∝ E 2 (3 − 4E/m µ ) (see Ref. [131] ) for neutrino energies E smaller than
Theν e events have been detected at a distance L 30 m through the inverse neutron decay process (38) in a detector filled with liquid scintillator in the range 20 E e 60 MeV for the energy E e of the detected positron.
The nominal statistical significance of the LSNDν e appearance signal is of about 3.8σ. However, it must be noted that the similar KARMEN experiment [162, 163] did not measure any excess ofν e events over the background at a distance L 18 m.
From Eq. (40) one can estimate that the LSNDν e appearance signal can be explained byν µ →ν e oscillations generated by a squared-mass difference
Global fits of short-baseline data
Many analyses of short-baseline neutrino oscillation data have been done since the discovery of the LSND anomaly in the middle 90's [80, 81, 83, 88, 90, 91, 93, [165] [166] [167] [168] [169] [170] [171] [172] [173] [174] [175] [176] [177] [178] .
The activity became more interesting after the discoveries of the Gallium neutrino anomaly [106, [145] [146] [147] [148] [179] [180] [181] [182] [183] and the reactor antineutrino anomaly [14, 95, 97, [101] [102] [103] [104] 106, 107, [184] [185] [186] [187] [188] . The last updated global fits of short-baseline neutrino oscillation data have been presented in Refs. [109, 111] . These analyses take into account the final results of the MiniBooNE experiment, which was made in order to check the LSND signal with about one order of magnitude larger distance (L) and energy (E), but the same order of magnitude for the ratio L/E from which neutrino oscillations depend. Unfortunately, the results of the MiniBooNE experiment are ambiguous, because the LSND signal was not seen in the neutrino mode (ν µ → ν e ) [189] and theν µ →ν e signal observed in 2010 [190] with the first half of the antineutrino data was not observed in the second half of the antineutrino data [191] . Moreover, the MiniBooNE data in both neutrino and antineutrino modes show an excess in the low-energy bins which is widely considered to be anomalous because it is at odds with neutrino oscillations [103, 104] 10 .
In the following we discuss the results of an update 11 of the global fit of shortbaseline neutrino oscillation data presented in Ref. [111] in which the data of the following three groups of experiments are considered:
ν e appearance data of the LSND [161] , MiniBooNE [191] , BNL-E776 [194] , KARMEN [163] , NOMAD [195] , ICARUS [196] and OPERA [197] experiments 12 .
(B) The following (−) ν e disappearance data: 1) the data of the Bugey-4 [132] , ROVNO91 [133] , Bugey-3 [134] , Gosgen [135] , ILL [136] , Krasnoyarsk [137] , Rovno88 [138] , SRP [139] , Chooz [140] , Palo Verde [141] , Double Chooz [142] , and Daya Bay [122] [123] [124] reactor antineutrino experiments, with the new theoretical fluxes [12, [97] [98] [99] (see Section 3.1); 2) the data of the GALLEX [149] [150] [151] and SAGE [143, [152] [153] [154] Gallium radioactive source experiments with the statistical method discussed in Ref. [148] , considering the recent 71 Ga( 3 He, 3 H) 71 Ge cross section measurement in Ref. [159] (see Section 3.2); 3) the solar neutrino constraint on sin 2 2ϑ ee [15, 106, [200] [201] [202] ; 4) the KARMEN [203, 204] and LSND [205] ν e + 12 C → 12 N g.s. + e − scattering data [185] , with the method discussed in Ref. [104] . 10 The interesting possibility of reconciling the low-energy anomalous data with neutrino oscillations through energy reconstruction effects proposed in Ref. [192, 193] still needs a detailed study. 11 We added the data of several reactor neutrino experiments: the old results of Rovno88 [138] and SRP [139] , which were omitted in our previous analyses [106, 111] but have been considered in the fits of other authors [97, 109] ; the old results of Chooz [140] and Palo Verde [141] as suggested in Ref. [108] ; the new results of Double Chooz [142] and Daya Bay [122] [123] [124] . 12 For simplicity we do not take into account the correct analysis of the ICARUS and OPERA data presented in Ref. [198] (see also Ref. [199] ) because it would not change significantly the results of the global fits. (C) The constraints on (−) ν µ disappearance obtained from the data of the CDHSW experiment [206] , from the analysis [90] of the data of atmospheric neutrino oscillation experiments 13 , from the analysis [103, 211] of the MINOS neutral-current data [212] and from the analysis of the SciBooNE-MiniBooNE neutrino [213] and antineutrino [214] data. Table 4 summarizes the statistical results obtained from global fits of the data above in the 3+1 and 3+2 schemes (see Section 2; for a global fit in the 3+1+1 scheme see Ref. [111] ). In the global (GLO) fits all the MiniBooNE data are considered, including the anomalous low-energy bins, which are omitted in the pragmatic PrGLO global fits [111] . There is also a 3+1-noMB fit without MiniBooNE data and a 3+1-noLSND fit without LSND data.
From Tab.4, one can see that in all fits which include the LSND data the absence of short-baseline oscillations is nominally disfavored by about 6σ, because the improvement of the χ 2 with short-baseline oscillations is much larger than the number of oscillation parameters.
In all the 3+1 and 3+2 schemes the goodness-of-fit in the GLO analysis is significantly worse than that in the PrGLO analysis and the appearance-disappearance parameter goodness-of-fit is much worse. This result confirms the fact that the MiniBooNE low-energy anomaly is incompatible with neutrino oscillations, because it would require a small value of ∆m 2 41 and a large value of sin 2 2ϑ eµ [103, 104] , which are excluded by the data of other experiments (see Ref. [111] for further details) 14 . Note that the appearance-disappearance tension in the 3+2-GLO fit is even worse than that in the 3+1-GLO fit, since the ∆χ 2 PG is so much larger that it cannot be compensated by the additional degrees of freedom 15 . Therefore, we think that it is very likely that the MiniBooNE low-energy anomaly has an explanation which is different from neutrino oscillations. The cause of the MiniBooNE low-energy excess of ν e -like events is going to be investigated in the MicroBooNE experiment at Fermilab [216, 217] , which is a large Liquid Argon Time Projection Chamber (LArTPC) in which electrons and photons can be distinguished 16 (see the review in Ref. [218] ).
In the following we adopt the "pragmatic approach" advocated in Ref. [111] which considers the PrGLO fits, without the anomalous MiniBooNE low-energy bins, as more reliable than the GLO fits, which include the anomalous MiniBooNE low-energy bins.
The 3+2 mixing scheme was considered to be interesting in 2010 when the MiniBooNE neutrino [189] and antineutrino [190] data showed a CP-violating tension, but this tension almost disappeared in the final MiniBooNE data [191] . In fact, from Tab.4 one can see that there is little improvement of the 3+2-PrGLO fit with respect to the 3+1-PrGLO fit, in spite of the four additional parameters and the additional possibility of CP violation. Moreover, since the p-value obtained by restricting the 3+2 scheme to 3+1 disfavors the 3+1 scheme only at 1.1σ, we think that considering the larger complexity of the 3+2 scheme is not justified by the data 17 . Figure 4 shows the allowed regions in the sin 2 2ϑ eµ -∆m 2 41 , sin 2 2ϑ ee -∆m 2 41 and sin 2 2ϑ µµ -∆m 2 41 planes obtained in the 3+1-PrGLO fit. These regions are relevant, respectively, for ν µ disappearance data. One can see that the combined disappearance constraint in the sin 2 2ϑ eµ -∆m 2 41 plane excludes a large part of the region allowed by
ν e appearance data, leading to the well-known appearancedisappearance tension [14, 101-104, 109, 188, 215] quantified by the parameter goodnessof-fit in Tab.4.
It is interesting to investigate what is the impact of the MiniBooNE experiment on 14 One could fit the three anomalous MiniBooNE low-energy bins in a 3+2 scheme [14] by considering the appearance data without the ICARUS [196] and OPERA [197] constraints, but the required large transition probability is excluded by the disappearance data. 15 This behavior has been explained in Ref. [215] . It was found also in the analysis presented in Ref. [109] . 16 In the MiniBooNE mineral-oil Cherenkov detector ν e -induced events cannot be distinguished from ν µ -induced events which produce only a visible photon (for example neutral-current π 0 production in which only one of the two decay photons is visible). 17 See however the alternative discussion in Ref. [ Table 5 . Marginal allowed intervals of the oscillation parameters obtained in the global 3+1-PrGLO fit of short-baseline neutrino oscillation data.
the global analysis of short-baseline neutrino oscillation data. With this aim, we consider two additional 3+1 fits: a 3+1-noMB fit without MiniBooNE data and a 3+1-noLSND fit without LSND data. From Tab.4 one can see that the results of the 3+1-noMB fit are similar to those of the 3+1-PrGLO fit and the nominal exclusion of the case of no-oscillations remains at the level of 6σ. On the other hand, in the 3+1-noLSND fit, without LSND data, the nominal exclusion of the case of no-oscillations drops dramatically to 2.6σ. In fact, in this case the main indication in favor of short-baseline oscillations is given by the reactor and Gallium anomalies which have a similar statistical significance [106] . Therefore, it is clear that the LSND experiment is still crucial for the indication in favor of short-baselineν µ →ν e transitions and the MiniBooNE experiment has been rather inconclusive.
β decay and neutrinoless double-β decay
The existence of massive neutrinos at the eV scale can be probed in β-decay experiments [219] [220] [221] [222] [223] [224] [225] and in neutrinoless double-β decay experiments [13, 106, 176, [226] [227] [228] [229] [230] [231] [232] [233] [234] .
Tritium β decay
The most sensitive experiments on the search of the effects of neutrino masses in β decay use the Tritium decay process
Non-zero neutrino masses distort the measurable spectrum of the emitted electron. It is convenient to consider the Kurie function (see, for example, Ref. [56] )
where T e is the electron kinetic energy, Q = M3 H − M3 He − m e 18.574 keV is the Qvalue of the process, and Θ is the Heaviside step function. Considering an experiment in which the energy resolution is such that m k Q − T e for the three standard light neutrino masses (k = 1, 2, 3), the Kurie function can be approximated by
with the effective light neutrino mass
The most stringent 95% CL limits on m β have been obtained in the Mainz [235] and Troitsk [236] experiments:
m β ≤ 2.1 eV (95% C.L., Troitsk).
The experiment KATRIN [237] , which is under construction and is scheduled to start data taking in 2016, will aim to reach a sensitivity of 0.2 eV at 90% C.L. for m β in five years of running 18 . The expression (53) of the Kurie function shows that a heavy nonstandard neutrino mass m k with k ≥ 4 can be measured by observing a kink of the kinetic energy spectrum of the emitted electron at Q − m k below the end point [104, 222, [241] [242] [243] [244] [245] [246] [247] . Recently, the Mainz [219] and Troitsk [220, 221] collaborations reanalyzed the measured spectra which led to the limits (55) and (56) searching for the effect of a heavy neutrino mass m 4 . The negative results led to the upper bounds for the mixing factor |U e4 | 2 shown in Fig. 5 . These bounds imply that the squared-mass difference that can explain the reactor and Gallium anomalies (see Sections 3.1 and 3.2) must be smaller than about 40 eV 2 at 90% C.L. [107] . This is encouraging for future radioactive source experiments which aim at a "smoking-gun" measurement of short-baseline oscillations as a function of distance and/or energy, because the predicted range for the oscillation length L osc
Some studies were performed to analyze the sensitivity of the KATRIN experiment [237] to the effects of heavy sterile neutrinos with keV-scale masses [248] [249] [250] and light eV-scale sterile neutrinos [222] [223] [224] [225] . According to Ref. [225] , in three years of data taking the sensitivity of the KATRIN experiment will cover most of the region of the mixing parameters of the sterile neutrino allowed by the reactor and Gallium anomalies in the 3+1 framework. 
Neutrinoless double-β decay
The implications of non-standard mainly sterile massive neutrinos at the eV scale for neutrinoless double-β decay experiments have been studied by several authors [13, 106, 176, [226] [227] [228] [229] [230] [231] [232] [233] [234] .
If massive neutrinos are Majorana particles (see the recent reviews in Refs. [77, 234] ), in the case of 3+1 mixing the rate of neutrinoless double-β decay is proportional to the square of the effective Majorana mass
In this expression there are three completely unknown complex phases α 2 , α 3 , α 4 which depend on the Majorana phases in the neutrino mixing matrix (see, for example, Refs. [56] [57] [58] ). These unknown complex phases can generate cancellations between the different mass contributions. Figure 6 shows the range of allowed values of |m ββ | as a function of the lightest neutrino mass in the cases of 3ν and 3+1 mixing with Normal and Inverted Ordering of the three lightest neutrinos [233] . The 3ν mixing parameters are those in Tab. 1 and the sterile neutrino mixing is that obtained in the pragmatic 3+1-PrGLO global fit of short-baseline neutrino oscillation data discussed in Section 4. From Fig.6 one can see that the presence of an additional massive neutrinos at the eV scale can change dramatically the predictions for the possible range of values of |m ββ | [13, 106, 176, [226] [227] [228] [229] [230] [231] [232] [233] [234] . 
Cosmology
In this Section we review the cosmological effects of a massive neutrino at the eV scale in the standard ΛCDM cosmological framework (see also the recent reviews in Refs. [16, 251] and the book in Ref. [252] ). Since such a massive neutrino is mostly sterile, as explained in Section 2, its mass is traditionally denoted by the symbol m s in cosmological discussions. In this section we use this notation, keeping in mind that its real meaning in the 3+1 mixing scheme is m s = m 4 . Moreover, in the discussion of the combined analysis of cosmological data and short-baseline oscillation data we consider m 1 , m 2 , m 3 m 4 , so that m s = m 4 ∆m 2 41 = ∆m 2 SBL . After introducing in Subsection 6.1 the parameterization of the neutrino density, in Subsection 6.2 we review the effects of light sterile neutrinos on the observables generated in the first part of the evolution of the Universe, when the sterile neutrinos were relativistic: the Cosmic Microwave Background (CMB) and the nuclear abundances produced by Big Bang Nucleosynthesis (BBN). In Subsection 6.3 we discuss the effects of light sterile neutrinos on the formation of Large Scale Structures (LSS), which occurred after the sterile neutrinos became non-relativistic. Finally, in Subsection 6.4 we review the current cosmological bounds on light sterile neutrinos.
Neutrino parameterization
It is convenient to parametrize the neutrino contribution to the radiation content in the early Universe in terms of an effective number of degrees of freedom N eff , such that the total energy density of relativistic species ρ r is given by
where ρ γ is the energy density of photons. One unit of N eff corresponds to the contribution of one single family of active neutrinos which were in equilibrium in the early Universe and passed through an instantaneous decoupling at a temperature of about 1 MeV. The factor 7/8 is for a fermionic degree of freedom, while the factor T ν /T γ = (4/11) 4/3 comes from the fact that after neutrino decoupling there is a entropy transfer from electrons to photons due to e ± annihilations, which enhances the photon temperature, but not the neutrino temperature. Since in the real Universe the decoupling of neutrinos was not instantaneous and the neutrinos were not completely decoupled when the e ± annihilation occurred, the effective number of active neutrino is slightly larger than three: N eff = 3.046 [253] . Assuming that all the additional contributions to the effective number of relativistic species come from sterile neutrinos, their contribution to the total radiation energy density is quantified by ∆N eff = N eff − 3.046, which is given by
where ρ ν is the energy density for one active neutrino species, ρ rel s is the energy density of sterile neutrinos when relativistic, p is the neutrino momentum, f s (p) is the momentum distribution and T ν = (4/11) 1/3 T γ .
After they become non-relativistic, neutrinos contribute to the matter energy density of the Universe. The sterile neutrino contribution can be parameterized in terms of the dimensionless number (see, for example, Ref. [254] )
where ρ s is the energy density of non-relativistic sterile neutrinos, ρ c is the critical density and h is the reduced Hubble parameter. Alternatively, ω s can be converted in the effective neutrino mass [255] m eff s = 94.1 ω s eV.
All the quantities that we introduced depend on the neutrino momentum distribution f s (p). It is important that if the light sterile neutrinos decouple from the rest of the plasma when they are still relativistic, f s (p) does not depend on m s . It depends only on the production mechanism. The simplest example is one species of light sterile neutrinos that are generated by active-sterile oscillations in the early Universe [256] [257] [258] [259] [260] [261] with the same temperature of active neutrinos. In this case ∆N eff = 1 and ω s m s /(94.1 eV).
If the light sterile neutrino thermalizes at a temperature T s = αT ν , its momentum distribution is given by the standard Fermi-Dirac distribution f s (p) = 1 e p/Ts + 1 .
In this case, called "thermal scenario" (TH), from Eqs. (60) and (61) 
For a non-thermal sterile neutrino generation, there are several possible mechanisms. A popular one is the non-resonant production scenario, also called "Dodelson-Widrow scenario" (DW) [262] , which is motivated by early active-sterile neutrino oscillations in the limit of zero lepton asymmetry and small mixing angle. In this scenario the sterile neutrino has a momentum distribution
where β is a normalization factor, leading to
The DW and the TH models have an exact degeneracy, since they are related by α = β 1/4 and m TH s = m DW s β 1/4 [263, 264] .
Physical effects as radiation in the early universe
As relativistic components, additional neutrino degrees of freedom change the time of matter-radiation equality, whose redshift z eq is given by
where ρ m and ρ r are the matter and radiation densities, ω i = Ω i h 2 , with Ω i = ρ i /ρ c , and we used Eq. (59) . A shift in the matter-radiation equality affects the position and the shape of the acoustic peaks of the CMB (see Ref. [16] ). At photon decoupling (also called "recombination") the extra radiation component enhances the expansion rate H =ȧ/a, where a(t) is the scale factor in the Friedmann-Robertson-Walker metric (see, for example, Ref. [252] ). This increase of H generates a decrease of the comoving sound horizon r s ∝ H −1 [265] and a reduction of the angular scale of the acoustic peaks θ s = r s /D A , where D A is the angular diameter distance, leading to a shift of the CMB peaks towards higher multipoles (see Fig. 2 (a) of Ref. [16] ). In addition, if matterradiation equality is delayed, the amplitude of the first CMB peak at 200 is increased by the early Integrated Sachs Wolfe (ISW) effect, since decoupling occurs when matter domination is at an earlier stage and the subdominant radiation component causes a slow decrease of the gravitational potential (see Figs. 2(a) and 2(b) of Ref. [16] ).
These effects of additional relativistic neutrinos can be partially compensated if other cosmological parameters are simultaneously varied. For example, if the total matter density ω m is also increased without altering the baryon density ω b , so that the ratio between odd and even CMB peaks is not altered, according to Eq. (67) z eq can be kept fixed and the two effects discussed above do not appear. However, one cannot obtain exactly the same CMB spectrum as in the standard case, because additional relativistic neutrinos increase the Silk damping effect at high multipoles [265] [266] [267] .
Silk damping is a diffusion damping of the oscillations in the plasma which occurs at high-multipoles because the decoupling of the baryon-photon interactions is not an instantaneous process. During the time when the decoupling occurs, radiation freestreams and the temperature fluctuations at scales smaller than the radiation freestreaming scale are damped, because on such scales photons can move freely from underdensities to overdensities and vice versa. The damping depends on the ratio r d /r s , where r d ∝ H −1/2 is the photon diffusion length at recombination [265] . Since at fixed z eq we have H 2 ∝ ρ r = (1 + 0.2271N eff ) ρ γ , an increase of N eff corresponds to an increase of H and an increase of r d /r s ∝ H 1/2 , which enhances the Silk damping at high-multipoles [265] .
Another important effect is related to BBN: the number of relativistic degrees of freedom fixes the expansion rate during BBN, that in turn fixes the abundances of light elements. BBN can thus give strong constraints on N eff from the observations of the primordial abundances of light elements [268] [269] [270] [271] . According to Ref. [272] , BBN limits the effective number of additional relativistic species to ∆N eff < 1 at 95% C.L., regardless of the inclusion of CMB constraints on the baryon density Ω b h 2 . More recently, the authors of Ref. [273] obtained ∆N eff < 0.2 at 95% C.L. considering the BBN and CMB data.
Physical effects as massive component
Massive neutrinos have an effect in the early Universe due to their velocity. Until they are relativistic they free-stream over distances of the order of the Hubble radius H −1 . After they become non-relativistic their comoving free-streaming length diminishes together with their velocity. As a consequence, there is a maximum comoving free-streaming length at the time of the non-relativistic transition, which corresponds today to the length λ nr = 2π/k nr , with the wavenumber k nr given by [252] k nr 0.0178
The neutrino free-streaming produces a suppression in the matter power spectrum at scales smaller than λ nr which has two causes: the absence of the contribution of neutrino perturbations and a suppression of the growth of Cold Dark Matter (CDM) perturbations (see, for example, Refs. [56, 251, 252] ).
Current bounds from cosmology
The best measurements of the CMB anisotropies come from the second data release of the Planck satellite experiment (Planck 2015) [76, 274] , which improve the results of the first data release (Planck 2013) [255, 275] . Concerning neutrinos, in Ref. [76] the Planck collaboration presented constraints on the sum of the active neutrino masses m ν , on the effective number of relativistic species N eff , plus joint constraints on ( m ν , N eff ) and on (m eff s , ∆N eff ). In the analysis of the Planck collaboration [76] the constraints on N eff alone have been obtained considering massless neutrinos in the ΛCDM +N eff model. However, it is interesting to present them in order to understand how the constraints on N eff change when different experimental results are taken into account. Considering the temperature (Planck TT) and the low-polarization (lowP) data, N eff = 3.13 ± 0.32 [76] , which is consistent with the standard three-neutrino value N eff = 3.046. The inclusion of BAO observations [276] [277] [278] tightens slightly the constraint to N eff = 3.15 ± 0.23, leading to the upper bound ∆N eff < 1 at more than 3σ [76] .
Considering both m eff s and ∆N eff as free parameters in the fit of cosmological data in a ΛCDM +N eff +m eff s model, the Planck collaboration obtained [76] N eff < 3.7 m eff s < 0.52 eV 95%, Planck TT+lowP+lensing+BAO.
In this case, the constraint on N eff is not significantly changed with respect to the ΛCDM +N eff model, and ∆N eff = 1 is still excluded at more than 3σ. High values for ∆N eff are allowed preferably for sterile neutrinos with small effective masses, corresponding to high values of the rms amplitude σ [292] , the BAO measurements of the 6dFGRS [278] , SDSS-II [293] , and BOSS DR9 [294] surveys, and the cluster mass distribution at low and high redshift calculated from the data of the Chandra Cluster Cosmology Project [286] with the likelihood implementation of Ref. [287] .
suppresses the amplitude of fluctuations at small scales. In fact, as we will discuss in the following, a massive sterile neutrino can help solving the current tension between CMB measurements and astrophysical determinations of σ 8 (the values obtained for σ 8 from weak lensing [279] [280] [281] [282] [283] , cluster counts [284, 285] , cluster mass functions [286, 287] and redshift space distortions [288] [289] [290] are lower than CMB estimates [76] ).
Remember that we are dealing with the effective mass m eff s , which is related to m s by Eqs. (61) and (62) in the general case, by Eq. (64) in the TH scenario, and by Eq. (66) in the DW scenario. Therefore, in spite of the stringent upper bound (69) on m eff s , it is still possible to have a neutrino with m s ≈ 1 eV if ∆N eff is small. However, if the sterile neutrinos are generated by active-sterile oscillations in the early Universe [256] [257] [258] [259] [260] [261] , they are fully thermalized well before CMB decoupling, resulting in ∆N eff 1, which is disfavored by the bound (69) 19 . This problem led several authors to propose new mechanisms that can relieve the tension: a large lepton asymmetry [259, [300] [301] [302] [303] [304] [305] [306] [307] [308] [309] [310] , new neutrino interactions [311] [312] [313] [314] [315] [316] [317] [318] [319] [320] [321] , entropy production after neutrino decoupling [322] , neutrino decay [323] , very low reheating temperature [324, 325] , time varying dark energy components [298] , a larger cosmic expansion rate at the time of sterile neutrino production [326] , inflationary freedom [327] .
The authors of Refs. [188, 215, 291, 328, 329] performed combined fits of cosmological data and short-baseline (SBL) oscillation data in the framework of light sterile neutrino models. The general result is that the sterile neutrino mass is constrained at the scale of 1 eV by short-baseline oscillation data and the full thermalization of the sterile neutrinos in the early Universe is disfavored by cosmological data. As an example, in Fig. 7(a) , adapted from Ref. [291] , we show how the addition of the SBL prior on m s in the DW (red) and in the TH (blue) scenarios changes the allowed regions in the m eff s -N eff plane when the CMB data from Planck 2013 (TT, < 2500), WMAP (E-mode polarization at < 23) and ACT/SPT (high-temperature spectrum) are considered. The dotted (dashed) lines correspond to constant values of m s in the DW (TH) scenario, with the values in eV written near the lines. One can note that since CMB data force the allowed regions to be as plotted in gray in Fig. 7 (a) N eff and m eff s cannot be both large at the same time. Since the SBL prior requires m s ≈ 1 eV, in the combined analysis N eff is constrained below about 3.75 at 2σ.
While CMB data disfavor eV-scale neutrino masses and the presence of additional light sterile neutrino in cosmology, LSS probes give some hints in favor of massive neutrinos. Results in this direction were obtained, for example, in Ref. [284] , suggesting a preference for m ν = 0.22 ± 0.09 eV for the active neutrinos if the Planck 2013 cluster counts through the Sunyaev-Zel'dovich (SZ) effect are considered together with CMB and BAO data. Some of the analyses in the 2015 update of Planck SZ cluster counts continue to indicate a preference for nonzero neutrino masses (see, for example, Fig. 12 in Ref. [285] ). These results arise from the fact that the free-streaming of massive neutrinos can reduce the tension between the values of σ 8 obtained with CMB and LSS data [279] [280] [281] [282] [283] [284] [285] [286] [287] [288] [289] [290] . For the light sterile neutrinos, similar analyses were performed in the ΛCDM +N eff +m eff s model by several authors [291, [328] [329] [330] [331] [332] [333] , in spite of some tension between different datasets [334] . Figure 7(b) , adapted from Ref. [291] , shows the allowed regions in the m eff s -N eff plane corresponding to those in Fig. 7(a) with the addition to the cosmological data set of the prior on H 0 = 73.8 ± 2.4 Km s −1 Mpc −1 from HST [292] , the BAO measurements of the 6dFGRS [278] , SDSS-II [293] , and BOSS DR9 [294] surveys, and the cluster mass distribution at low and high redshift calculated from the data of the Chandra Cluster Cosmology Project [286] with the likelihood implementation of Ref. [287] . Comparing the gray allowed regions in Figs. 7(a) SZ cluster counts from Planck 2013, but similar results are obtained with different datasets [291, 332] . In all these cases, the presence of the light sterile neutrino has two effects: its free-streaming reduces the fluctuations at small scales, and hence σ 8 is decreased, while the presence of additional radiation in the primordial Universe leads to a slight increase of H 0 . The results obtained from the LSS measurements, however, can suffer from unaccounted systematics or some bias in the determination of the cluster masses. Therefore, a definite confirmation or rejection of the LSS preference for a massive sterile neutrino must await future observations and analyses.
Conclusions and perspectives
The reactor, Gallium and LSND anomalies can be explained by neutrino oscillations if the standard three-neutrino mixing paradigm is extended with the addition of light sterile neutrinos which can give us important information on the new physics beyond the Standard Model. As discussed in Section 4, the global fits of neutrino oscillation data in the framework of mixing schemes with one or more sterile neutrinos suffer from a tension between the results of appearance and disappearance short-baseline neutrino oscillation experiments. Moreover, as discussed in Section 6, the cosmological data indicate a tension between the necessity to have a sterile neutrino mass at the eV scale and the expected full thermalization of the sterile neutrinos through active-sterile oscillations in the early Universe. Hence, the possible existence of light sterile neutrinos at the eV scale is a hot topic of current research and discussions.
The severe appearance-disappearance tension found in the global analyses of shortbaseline neutrino oscillation data [109, 111] can be alleviated adopting the "pragmatic approach" advocated in Ref. [111] , in which the anomalous MiniBooNE low-energy excess of ν e -like events is neglected. The cause of this excess is going to be investigated in the MicroBooNE experiment at Fermilab [216] [217] [218] .
There is an impressive program of many experimental projects aiming at testing the short-baseline oscillations due to sterile neutrinos (see also the reviews in Refs. [346] [347] [348] [349] [350] [351] ). It is convenient to divide them in the following three categories (see, however, also the proposals in Refs. [352] [353] [354] out of these categories):
Source experiments. These experiments use radioactive sources of ν e orν e placed near or inside a large detector. Table 6 presents a list of the projects which have been proposed (see also Ref. [349] ). To our knowledge, only the SAGE [335, 336] and CeSOX [342] [343] [344] experiments are in preparation.
Reactor experiments. These experiments use a reactorν e source with a detector placed at a distance of the order of 10 m. There are several experiments in preparation, as shown by the list in Tab. 7 (see also Ref. [350] ).
Accelerator experiments. These experiments, listed in Tab. 8 (see also Ref. [351] ), aim at checking the short-baselineν µ →ν e LSND signal (see Section 3.3) in both neutrino (ν µ → ν e ) and antineutrino (ν µ →ν e ) mode (see also the nuSTORM proposal in Ref. [355] ). They will also look for the associated ν µ andν µ disappearance (see also the NESSiE proposal in Ref. [356] ).
The aim of most of these experiments is to reveal short-baseline oscillations in a robust way by measuring distortions in the neutrino spectrum or variations of the flavor neutrino detection probability as a function of distance. In source experiments with monochromatic ν e 's generated by nuclear electron capture (for example SAGE [335, 336] and CrSOX [342, 344] ), ν e disappearance can be measured as a function of distance inside a sufficiently large detector. In source experiments with a continuousν e spectrum generated by nuclear β decay (for example CeSOX [342] [343] [344] ) and in reactor experiments (for example Stereo [12] ) both effects can be measured inside a sufficiently large detector with a sufficient energy resolution. Some reactor experiments use two detectors at different distances (for example Prospect [363] and CARR [364] ) or a movable detector (for example DANSS [360] [354, 391, 392] 0.6 1000 ∼ 6.5 10 − 40 IsoDAR-JUNO (CHN) [345, 392] 0.6 20000 ∼ 6.5 20 − 100 OscSNS (USA) [393] 1.4 450 ∼ 40 50 − 70 For accelerator experiments a crucial ingredient for reaching a robust result is the presence of "near" and "far" detectors (as, for example, in the SBN [365] experiment). The near detector provides a normalization of the neutrino flux and cross section which allows to measure the oscillations between the two detectors with small systematic uncertainty.
Since several of the experiments listed in Tabs. 6-8 will be performed in the next years, there are optimistic hopes that the important open problem of the existence of light sterile neutrinos will be solved soon. Let us emphasize that a positive result would be a major discovery which would have a profound impact not only on neutrino physics, but on our whole view of fundamental physics, because sterile neutrinos are elementary particles beyond the Standard Model. Hence, their existence would prove that there is new physics beyond the Standard Model at low-energies and their properties can give important information on this new physics.
For neutrino physics, a discovery of the existence of light sterile neutrinos would open a rich field of experimental and theoretical research on the properties of the sterile neutrinos, their mixing with the active neutrinos and their role in neutrino experiments (e.g. in solar [15, 87, 106, 109, 167, 200-202, 366, 367] , long-baseline [84-86, 368, 369] , and atmospheric [83, 166, [208] [209] [210] [370] [371] [372] [373] [374] [375] neutrino experiments) in astrophysics (e.g. in supernova neutrino experiments [169, [376] [377] [378] [379] [380] [381] [382] [383] and indirect dark matter detection [384] ), high-energy cosmic neutrinos [257, 385, 386] , and in cosmology (see Section 6) . We think that this is a great opportunity which stimulates the great interest in the search for light sterile neutrinos. 
